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Motile nonmuscle cells concentrate phosphatidylinositol
3,4,5-trisphosphate (PtdIns(3,4,5)P3) and phosphatidyl-
inositol 4,5-bisphosphate (PtdIns(4,5)P2) in areas of new ac-
tin filament assembly. There is great interest in assessing
the in vivo functional significance of these phosphoinosi-
tides, and we have used Listeria monocytogenes to explore
the contribution of PtdIns(3,4,5)P3 and PtdIns(4,5)P2 to its
actin-based motility. In Listeria-infected PtK2 cells Akt-
pleckstrin homology (PH)-green fluorescent protein (GFP)
and phospholipase C� (PLC�)-PH-GFP both first concen-
trate at the front of motile Listeria, subsequently sur-
rounding the bacterium and then concentrating in the ac-
tin filament tail. Surprisingly, Listeria ActA mutant strains
lacking the putative phosphoinositide binding site are also
able to concentrate these probes. Reduction of available
PtdIns(3,4,5)P3 by expression of Akt-PH-GFP and available
PtdIns(4,5)P2 by expression of PLC�-PH-GFP both signifi-
cantly slow Listeria actin-based movement. Treatment of
cells with the PI 3-kinase inhibitor, LY294002, dissociates
Akt-PH but not PLC�-PH, from the bacterial surface and
cell membranes, and results in near complete inhibition of
Listeria actin-based motility and filopod formation. Re-
moval of LY294002 results in rapid and full recovery of
Akt-PH localization, Listeria actin-based motility, and filo-
pod formation. These findings suggest that PtdIns(4,5)P2 is
concentrated at the surface of Listeria and serves as the
substrate for PtdIns(3,4,5)P3 production, indicating a cen-
tral role for PI 3-kinases in Listeria intracellular actin-
based motility and filopod formation.

The onset of actin-based cell motility in nonmuscle cells is
signaled by the increased turnover of phosphoinositides, and
phosphoinositides are known to interact with and regulate
multiple actin-binding proteins, kinases, and guanine nucleo-
tide exchange factors (1, 2). Following exposure to various
agonists that stimulate cell migration, plasma membrane
PtdIns(4,5)P2

1 is converted to PtdIns(3,4,5)P3, which is then

concentrated at the leading edge of the cell membrane. The
accumulation of PtdIns(3,4,5)P3 at these sites is associated
with the formation of new actin filaments (3). The mechanisms
by which these lipid products induce actin assembly are under
active investigation and include the uncapping of actin fila-
ments and stimulation of actin nucleation (2).

The shape changes associated with chemotaxis, cell spread-
ing, and phagocytosis are complex and make analysis of rates
and directionality of actin assembly difficult. Furthermore,
these events involve several steps of receptor-mediated signal
transduction. Listeria intracellular infection and movement is
a particularly useful model for examining the parameters of in
vivo actin assembly, allowing discrete temporal and spatial
resolution of actin filament formation. Intracellular Listeria
infection of tissue culture cells is accomplished by simply over-
laying the bacteria on the surface of host cells. Internalins
found on the surface of the bacterium bind to host cell receptors
that induce phagocytosis (4). Once ingested, the bacterium
escapes from the phagolysosome by lysing the confining mem-
brane (5) and then rapidly multiplies within the cytoplasm.
Within 2–3 h, the bacterium induces actin assembly at one
pole, forming a discrete polymerization zone where new actin
monomers are added to the growing filaments (6, 7). Actin
filament assembly provides directional force that drives the
bacterium through the cytoplasm to the peripheral membrane
of the cell. Here the bacterium pushes the membrane outward
forming a discrete filopod that can be ingested by an adjacent
cell, and the cycle is repeated. The bacterial surface protein
ActA directly stimulates actin assembly, bypassing the recep-
tor-mediated signal transduction pathways that induce actin
filament formation during phagocytosis and chemotaxis (8).
Curiously, ActA has a phosphoinositide binding site in the
amino-terminal region that is located within amino acids 184–
202 (9, 10), and binding of PtdIns(4,5)P2 and PtdIns(3,4,5)P3

causes a conformational change in the amino terminus of ActA.
However, in vivo phosphoinositide localization studies have not
been performed, and the physiological significance of the in-
ositide binding site has not been examined. In the present
study we used green fluorescent protein chimeras linked to the
pleckstrin homology (PH) domains of phospholipase C (PLC�)
(11) and of Akt (protein kinase B) (12), which bind
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 or PtdIns(3,4)P2, respec-
tively, to investigate the involvement of these phosphoinosi-
tides in Listeria motility. We show that both wild type Listeria
and Listeria strains expressing an ActA mutant lacking the
putative phosphoinositide binding site are capable of concen-
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trating both of these probes on their surface and in the actin
tails. Additionally, we have found that treatments that lower
PtdIns(3,4,5)P3 production or availability significantly inhib-
ited Listeria-induced actin assembly. Most exciting was the
finding that the PI 3-kinase inhibitor, LY294002, blocked the
translocation of Akt-PH-GFP to the bacteria and profoundly
inhibited Listeria actin-based motility and filopod formation.
These effects were completely reversed by removal of the in-
hibitor. These experiments, for the first time, point to a central
role for PI 3-kinase(s) and PtdIns(3,4,5)P3 in Listeria actin-
based motility.

EXPERIMENTAL PROCEDURES

Tissue Culture Methods and Infection Procedures—The PtK2 cells
(derived from the kidney epithelium of the kangaroo rat Potorous tri-
dactylis) or MDCK cells were seeded at a concentration of 1 � 106 cells
per coverslip in 35-mm culture dishes in 3 ml of culture media (mini-
mum Eagle’s medium with 10% fetal calf serum, 1% penicillin-strepto-
mycin) and incubated for 48 h at 37 °C and 5% CO2. Cells were infected
as described previously (6) with minor modifications. Briefly Listeria
monocytogenes strain was inoculated into brain heart infusion (Difco)
and grown overnight at 37 °C, washed twice with Hanks’ balanced salt
solution (Life Technologies, Inc.) and then resuspended in minimum
Eagle’s medium without antibiotics to give a final concentration of 1 �
107 or a ratio of 10 bacteria per host cell. Bacteria in 2 ml of culture
media were added to each dish followed by centrifugation at 400 � g at
room temperature for 10 min and then incubation for 45 min at 37 °C
and 5% CO2. After incubation, extracellular bacteria were removed by
washing three times with Hanks’ balanced salt solution. The culture
media containing gentamicin sulfate (10 �g/ml) was added back to
prevent extracellular growth of bacteria. The monolayer was then in-
cubated for 1–5 h, and during this time video microscopy was per-
formed. Listeria strains used in our experiments included 10403S and
DP-L3982 (12) (missing ActA amino acids 171–235, Cossart amino acid
nomenclature, kindly provided by Dr. Dan Portnoy, University of Cal-
ifornia, Berkeley), LO28 ActA-�158–231, and LO28 �ActA with a wild
type ActA plasmid (both kindly provided by Dr. Pascale Cossart, Insti-
tute Pasteur, Paris). The later two strains were grown in the presence
of chloramphenicol as described previously (10). PtK2 cells were also
infected with Shigella flexneri wild-type strain 2457T as described
previously (13).

Transfection of Cells and Treatment with Inhibitors—Plasmids en-
coding the PH domains fused to the NH2 terminus of green fluorescent
protein or the monomeric red fluorescent protein were constructed as
described previously (14). The plasmid constructs used included the PH
domains of PLC�-(1–170) or its mutant (R40L) and of the Akt protein
kinase-(1–167) or its mutant (R25C). Plasmid DNAs (final concentra-
tion 2 �g/ml) were transfected into PtK2 or MDCK cells using the
Lipofectamine reagent (10 �g/ml, Life Technologies, Inc.) as described
previously (14). Cells were transfected 48 h prior to infection with
Listeria.

For kinase inhibition experiments, standard protocols were utilized
for treatment with wortmannin (final concentration 100 nM), LY294002
(final concentration 50 �M), and quercetin (final concentration 50 �M)
(all obtained from Sigma). These inhibitors were added to infected cells
1–3 h after the initiation of infection, and bacterial velocities were
measured before and 30–180 min after addition. For rat brain extract
experiments, extract was prepared as described previously (15), and
LY294002 was added simultaneously with the Listeria strain LO28
�ActA containing a wild type ActA plasmid (see above). To depolymer-
ize actin filaments Latrunculin A (Molecular Probes, Eugene, OR) (final
concentration of 2 �M) was added to Listeria-infected PtK2 cells.

Microscopy—A Nikon Diaphot inverted microscope was equipped
with a charge-coupled device camera (Hamamatsu), and the microscope
stage temperature was maintained at 25 or 37 °C with a MS-200D
perfusion microincubation system (Narishige, Tokyo). Images were also
obtained using a MRC-1024 ES confocal microscope (Bio-Rad) section-
ing at 0.2-�m intervals. Digital images were obtained and processed
using the Metamorph image analysis program (Universal Imaging,
West Chester, PA). Velocities of bacterial movement were determined
by comparing the images at two time points and measuring the distance
traveled by each bacterium using track points function (Metamorph
program, Universal Imaging). Distances were calibrated using a Nikon
micrometer. Differences in migration velocities were analyzed using the
unpaired Student’s t test or the Mann-Whitney nonparametric test. In
each experiment the velocity of each moving bacterium was measured

over 2 min giving 3 velocity measurements/bacteria. In all experiments
n indicates the number of velocity measurements. We have previously
noted marked variations in the velocity of actin-based motility in dif-
ferent tissue culture cell preparations. These differences probably re-
late to the age of the cells, the duration of adherence to glass coverslips,
and possibly the growth conditions of the Listeria. Therefore to control
for these variables each comparison of the velocities between trans-
fected and control cells were made on the same tissue culture dish. In
our kinase inhibitor experiments, cell preparations were split at the
same time, and the same overnight culture of Listeria was used to infect
all tissue culture plates.

Filamentous actin was stained using rhodamine-phalloidin as de-
scribed previously (6). The relative intensity of 6 � 6 pixel regions of
Listeria actin filament tails were measured using the regions statistics
tool (Metamorph, Universal Imaging). Intracellular bacteria as com-
pared with extracellular bacteria could be readily differentiated on
time-lapse phase microscopy using two criteria. The refractive index of
intracellular bacteria was distinctly different from extracellular bacte-
ria. To confirm this observation, simultaneous phase and rhodamine-
phalloidin images were compared. In analysis of 100 bacteria from 10
different cells, phase imaging demonstrated a 95% concordance with
phalloidin staining in control cells. Secondly, on time-lapse video extra-
cellular bacteria attached to the cell surface tended to twist and
abruptly move in response to fluid currents whereas intracellular bac-
teria remained stationary or moved with relatively linear trajectories
and constant velocities.

RESULTS

Localization of Akt-PH and PLC�-PH in Listeria-infected
Cells—Cells transfected with Akt-PH-GFP and PLC�-PH-GFP
took up bacteria and supported intracellular Listeria actin-
based motility. During phagocytosis of the bacteria both GFP
probes concentrated at the region of phagocytosis as observed
previously in macrophages (16). As shown in Fig. 1B, Akt-PH-
GFP concentrated around the ingested bacterium in the re-
gions that were in direct contact with the plasma membrane.
Once the bacteria were completely incorporated into the cell,
the majority of intracellular bacteria was no longer associated
with detectable fluorescence, the probe usually dissociating
from the bacterial surface within 1–5 min. PLC�-PH-GFP
transfected cells demonstrated an identical pattern of localiza-
tion during phagocytosis (Fig. 1C).

Subsequently, 3–4 h after the initiation of infection, bacteria
again began attracting the two PH fluorescent probes. Simul-
taneous phase and fluorescence images revealed that a signif-
icant percentage of Listeria moving within the cell attracted
PLC�-PH-GFP to their actin filament tails and to the surface of
the bacteria (Fig. 2). Time-lapse video (Fig. 2 video supplement)
demonstrated that PLC�-PH-GFP was first attracted to the
front of the moving bacteria (example, Fig. 2, A and B, arrow-
head). As the bacterium moved forward, the probe concentrated
along the entire surface of the bacterium, as well as in the
actin-rich tail (Fig. 2, A and B, arrows). Analysis of a number of
moving bacteria showed that bacteria with distinct phase
dense actin filament tails were more likely to concentrate
PLC�-PH-GFP (examples shown by the arrows in Fig. 2 and
Fig. 2 video supplement). The percentage of motile bacteria
concentrating the probe varied from 10 to 60%. Three-dimen-
sional reconstruction of confocal images of PLC�-PH-GFP
transfected PtK2 cells revealed that motile bacteria concentrat-
ing the probe were consistently found within 0.6 �m of cell
membrane. Once the bacteria began pushing out the peripheral
membrane and forming filopodia all bacteria were surrounded
by the PLC�-PH probe (Fig. 2C and Fig. 2 video supplement).
Rarely stationary bacteria were also surrounded by fluores-
cence; however, the majority of stationary intracellular bacte-
ria could not be seen by fluorescence microscopy, only being
seen by phase contrast imaging (compare A and B in Fig. 2).

Identical experiments were performed with cells transfected
with Akt-PH-GFP, and this probe also localized to the bacte-
rium and the actin-rich tails as Listeria moved through the
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cytoplasm by actin-based motility (Fig. 5, A and C). Mutant
Akt- and PLC�-PH-GFP probes that have low affinity for phos-
phoinositides in vitro (see “Experimental Procedures”) were
distributed diffusely throughout the cytoplasm of the cell and
failed to localize to the bacteria, indicating that our findings
represented specific interactions (data not shown).

To determine whether the two PH domain probes were lo-
calizing to the same sites in Listeria infected PtK2 cells, cells
were simultaneously transfected with PLC�-PH-GFP and Akt-
PH-mRFP and then infected with Listeria. As shown in Fig. 3,
after 4 h of infection, both probes localized to the surface of the
bacteria and to the actin-rich tails. In multiple experiments no
consistent difference between the localization of the two probes
was detected.

Our combination of phase and fluorescence images suggested
that the two PH domains localized to both the bacteria and the
actin tails. To compare the distribution of the Akt-PH domain
and actin simultaneously, we transfected MDCK cells with
both GFP-actin and Akt-PH-mRFP, followed by infection with
Listeria. Four hours after initiation of infection, distinct differ-
ences in the localization of GFP-actin and Akt-PH-mRFP were
observed. Although Akt-PH-mRFP concentrated along the sur-
face of the bacterium and along the actin-rich tail, GFP-actin
concentrated only at the back of the motile bacteria in tails, as
observed previously (6) (Fig. 4).

Effects of Reducing Phosphoinositide Levels on Listeria In-
tracellular Movement and Filopod Formation—Akt-PH-GFP
localization in Listeria-infected cells was next examined after
treatment with the PI 3-kinase inhibitor, LY294002. At 4–6 h
after the initiation of infection PtK2 cells containing motile
bacteria-concentrating Akt-PH-GFP were treated with a final
concentration of 50 �M LY294002. This concentration has been

shown to specifically inhibit PI 3-kinase activity and to quickly
block PtdIns(3,4,5)P3 production in cells (17). Within 15 min of
LY294002 exposure, Akt-PH-GFP completely dissociated from
the bacteria and filament tails and homogeneously filled the
cytoplasm (compare A and B in Fig. 5). When LY294002 was
washed out by exchanging the media with buffer 3 times,
Akt-PH-GFP re-concentrated around the bacteria and in the
actin tails within 15 min (Fig. 5C). Treatment with wortman-
nin (100 nM final concentration) also dissociated Akt-PH-GFP
from the bacterial surface and actin tails (data not shown).
Addition of the same concentrations of LY294002 or wortman-
nin to tissue culture dishes of infected cells containing PLC�-
PH-GFP failed to dissociate this GFP construct from the bac-
teria or actin tails (data not shown).

Addition of LY294002 at the time the bacteria were actively
migrating through the cell by actin-based motility slowed their
velocity by more than 60% (0.070 � 0.002 �m/s pretreatment
versus 0.024 � 0.001 �m/s post-treatment, S.E., n � 98, p �
0.0001, Fig. 6A). The inhibition was reversible, and within
15–20 min of removing LY294002, bacterial velocities had re-
turned to control values (0.065 � 0.002 �m/s, n � 98). A
slowing of bacterial actin-based motility was also observed
after treatment with wortmannin (final concentration 100 nM)
(pretreatment velocity 0.083 � 0.002, S.E., n � 357 versus
post-treatment 0.050 � 0.002, S.E., n � 206, p � 0.001) (Fig.
6A). The effects of another, less specific PtdIns kinase inhibi-
tor, quercetin, were also examined. This bioflavinoid inhibits
PtdIns 4-kinase activity and also caused a significant slowing
of Listeria intracellular speed (pretreatment mean velocity
0.072 � 0.003 �m/s, S.E., n � 104 versus 0.030 � 0.001, S.E.,
n � 196 post-treatment mean velocity, p � 0.0001). However,
the degree of inhibition was no greater than that of LY294002

FIG. 1. Localization of Akt-PH-GFP and PLC�-PH-GFP during entry of Listeria monocytogenes into PtK2 cells. Fluorescence images
of PtK2 cells transfected with the PH-GFP constructs 24 h before infection with Listeria. A, time 0, prior to infection showing the Akt-PH domain
localizing in active membrane ruffles. B, time 20–40 min after addition of Listeria to a culture dish containing cells transfected with Akt-PH-GFP.
Two bacteria are being incorporated into the host cell by phagocytosis. At the site pointed to by an arrow, one bacterium has already been ingested,
while another is just starting to enter the phagocytic cup. The first bacterium has been internalized and is fully surrounded by Akt-PH-GFP. The
arrow points to edge of the membrane where the second bacterium has begun to undergo phagocytosis. The inset, bottom right, shows a dual phase
and fluorescent image of the same bacteria. The phase image shows the extracellular segment of the second bacterium not seen in the fluorescence
image. Bar � 10 �m. C, time 20–40 min after addition of Listeria to a culture dish containing cells transfected with PLC�-PH-GFP. The images
are indistinguishable from Akt-PH-GFP. Two bacteria have been ingested and are outlined by the probe. The arrow points to the edge of the
membrane where the third bacterium is undergoing phagocytosis. The inset, upper right, shows a phase image, and the arrow points to the same
location as the fluorescence image.

FIG. 2. Localization of PLC�-PH-GFP in PtK2 cells 4–5 h after initiation of Listeria infection. A, fluorescence image showing a cell
expressing PLC�-PH-GFP 4 h after initiation of Listeria infection. At this time bacteria are actively moving through the cytoplasm by actin-based
motility. Arrows point to the junctions between the phase-dense tails and the motile bacteria. The arrowhead points to a motile bacterium that has
concentrated PLC�-PH-GFP at its front, prior to attracting the probe to its tail. B, phase contrast combined with the fluorescence image captured
30 s after the image shown in A. Note that 45% (24/53) of the intracellular bacteria identified by phase microscopy attracted the fluorescent probe.
Bar � 10 �m. C, fluorescence image of cells expressing PLC�-PH-GFP 5 h after the initiation of infection. Most of the bacteria have reached the
periphery of the cell and formed filopodia (arrows). One bacterium can be seen in the early stage of filopod formation (asterisk) (see video
supplement).
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(Fig. 6A). These results prompted us to examine the effects of
LY294002 on Listeria actin-based motility in a cell-free system,
bovine brain extract. Unlike intact cells, the same final concen-
tration of the inhibitor caused no slowing of Listeria motility as
compared with controls. The velocities of both control and
LY294002-treated extracts were approximately one-tenth of
those observed in intact cells (controls: 0.0036 � 0.0002 �m/s,
S.E., n � 73 versus LY294002: 0.0048 � 0.003 �m/s, n � 57)
(Fig. 6A).

To explore the effects of PI 3-kinase inhibition at earlier
stages of Listeria-induced actin assembly, PtK2 cells were
treated with LY294002 1–2 h after the initiation of infection.
By this time bacteria have escaped into the cytoplasm and
induced the symmetric formation of actin filaments on their
surface (sometimes called halos) but have not begun to move or

form polar actin filament tails (6). Within 1 h of LY294002
treatment a marked reduction in the percentage of intracellu-
lar bacteria surrounded by actin filaments was observed. As
assessed by simultaneous phase and rhodamine-phalloidin stain-
ing, 5% (20/383) of the bacteria in LY294002-treated cells formed
halos, as compared with 68% (569/832) in control cells (p � 0.0001).
At later time points, bacteria in control cells began to actively move
in the cytoplasm. As shown in Fig. 6, B and C, by 4 h after the
initiation of infection 24% (40/167) of intracellular bacteria were
actively moving through the cytoplasm and 27% (46/167) had al-
ready reached the peripheral membrane and formed filopodia.
Therefore, the combined percentage of motile intracellular bacteria
was 51% in control cells. At the same time point in LY294002-
treated cells only 0.5% (1/211) of intracellular bacteria were mov-
ing, and only 7.5% had formed filopodia (16/211), resulting in a total

FIG. 3. Simultaneous presence of PtdIns(4,5)P2 and PtdIns(3,4,5)P2 on the surface of L. monocytogenes in PtK2 cells. PtK2 cells were
transfected with both PLC�-PH-GFP and Akt-PH-mRFP for 24 h and infected with Listeria for 4 h. PLC�-PH-GFP (left panel, green channel) and
Akt-PH-mRFP (middle panel, red channel) both in gray scale show almost identical localization around the moving bacteria and the actin tails.
The right panel shows an overlay of the two images. Bar � 10 �m.

FIG. 4. Localization of Akt-PH-mRFP and GFP-actin in Listeria-infected MDCK cells. Cells were transfected with both GFP-actin and
Akt-PH-mRFP and examined 4 h after initiation of the Listeria infection. The left-hand panel shows the Akt-PH-mRFP (red channel), and the
middle panel shows GFP-actin (green channel), both in gray scale, and the right-hand color panel shows a combination of the two images. Note that
the two probes co-localize only in the actin-rich tails. Unlike actin, Akt-PH-mRFP fully surrounds the motile bacteria. The one stationary bacterium
in the upper right quadrant (arrow) is green, indicating that it has induced actin filament formation around it but has not yet attracted
Akt-PH-GFP. Bar � 10 �m.

FIG. 5. The effect of the PI 3-kinase inhibitor, LY294002, on the distribution of the Akt-PH-GFP in PtK2 cells infected with
L. monocytogenes. PtK2 cells were transfected with the Akt-PH-GFP and infected with Listeria for 4 h. A, motile bacteria attract the Akt-PH
domain around their bodies and the actin tails as shown in previous figures. The arrows point to the interface between the motile bacteria and their
actin tails. The arrowhead points to a stationary bacterium fully surrounded by the probe. Bar � 10 �m. B, treatment with LY294002 (50 �M) for
15 min eliminates Akt-PH domain binding. The bacteria are still visible against the cytoplasmic fluorescence (arrowheads). C, within 30 min of
removal of LY294002, Akt-PH-GFP has again concentrated around the bacteria and the actin tails. Arrows point to the junction between the
bacteria and the actin tails. Two filopodia are each labeled with an asterisk.
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FIG. 6. Effects of lipid kinase inhibitors and expression of Akt-PH-GFP and PLC�-PH-GFP on intracellular actin-based movement
of L. monocytogenes. A, the bar graph shows the effects of LY294002 (50 �M), wortmannin (100 nM), and quercetin (50 �M) on Listeria actin-based
velocity in PtK2 cells, as well as the effects of LY294002 on Listeria motility in brain extract. Inhibitors were added 4 h after the initiation of
Listeria infection in PtK2 cells or simultaneously with the bacteria in the brain extract experiments. Because of the variability in velocities from
cell preparation to preparation, the mean velocities of motile bacteria before addition of the inhibitor were given a value of 1.0, and the velocities
of treated cells were expressed relative to these respective control values. Error bars represent the S.E. of n � 98–357 (see results for actual
velocities). B, line graph showing the changes in the percentage of bacteria forming filopodia over time after the initiation of infection. Filled circles,
control cells (untreated); open circles, LY294002-treated cells. The arrow marks the time point when the inhibitor was washed out. C, line graph
showing the changes in the percentage of intracellular bacteria forming actin tails, indicating active movement within the cytoplasm. Arrow marks
the time point when LY294002 was washed out. Filled circles, control cells; open circles, LY294002-treated cells. D, left, bar graph comparing the
relative velocities of Shigella in untreated PtK2 cells (control, light gray) and cells treated with LY294002 (50 �M, LY, dark gray bar). Error bars
represent the S.E. of n � 326–424. See text for actual velocities. D, right, bar graph comparing the percentage of intracellular Shigella that formed
filopodia and actin-rich tails in the absence (control, light gray bars) or presence of 50 �M LY294002 (LY, dark gray bars), n � 716 bacteria for
control and 571 bacteria for LY294002-treated cells. E, the percentage of intracellular Listeria forming filopodia in infected PtK2 cells transfected
with the different GFP-PH constructs were compared with control cells. Akt-PH-GFP, but not PLC�-PH, inhibited filopod formation. Error bars
represent the S.E. of n � 20–30 cells. The asterisk indicates a statistically significant difference from controls, p � 0.013. F, velocities of Listeria
in PtK2 cells transfected with different GFP-PH constructs. Both the Akt-PH-GFP and PLC�-PH-GFP significantly decreased the mean velocities
compared with untransfected or GFP-transfected PtK2 cells. Error bars represent the S.E. of n � 200–500. Asterisks indicate statistically
significant differences from controls, p � 0.0001.
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percentage of motile bacteria of only 8%. These differences were
highly significant (p � 0.0001). At 5 h similar differences were
observed between bacteria in control and treated cells (Fig. 6, B and
C). When LY294002 was washed out of the tissue culture dishes, a
complete reversal of inhibition was observed. Within 25 min of
removal of the LY294002, 33% of intracellular bacteria were mi-
grating through the cytoplasm, and 27% had formed filopodia (total
percentage of motile bacteria � 60%) (Fig. 6, B and C). A linear rise
in the percentage of intracellular bacteria forming filopodia was
observed over the first 50 min after washout (Fig. 6B). Rhodamine
phalloidin staining showed that in the presence of LY294002, the
F-actin content of bacterial actin tails was significantly lower than
that observed in control cells, the mean relative fluorescence inten-
sity of actin tails in treated cells (mean relative intensity 8.2 � 1.0,
n � 45) being less than one-third of mean intensity of actin tails in
untreated cells (mean relative intensity 27.7 � 1.2, n � 62, p �
0.0001).

The effects of LY294002 were also examined on another
intracellular pathogen known to move by actin-based motility
within the cytoplasm of cells, S. flexneri. PtK2 cells were in-
fected with Shigella and the inhibitor (final concentration of
LY294002 � 50 �M) added at the time of infection or 1 h after
the initiation of infection. Addition of LY294002 at either time
point had no significant effect on the velocity of Shigella actin-
based motility (Fig. 6D, left) (mean velocity of untreated cells,
0.048 � 0.002 �m/s, S.E., n � 434 versus LY294002-treated
cells, 0.049 � 0.003 �m/s, n � 326), and this treatment failed to
reduce the percentage of bacteria forming filopodia or forming
actin-rich tails (Fig. 6D, right). Consistent with these findings,
Shigella failed to attract Akt-PH-GFP or PLC�-PH-GFP to its
surface or to its actin tails in five separate experiments (data
not shown).

Because PLC�-PH and Akt-PH bind specific phosphoinosi-
tides with relatively high affinity, these probes would be ex-
pected to reduce the availability of these phosphoinositides for
the enhancement of Listeria actin-based motility. To assess the
functional consequences of the sequestration of these lipids, we
examined the percentage of intracellular bacteria that formed
filopodia in transfected versus control cells at 4–5 h after Lis-
teria infection. As shown in Fig. 6E, Akt-PH-GFP transfection
significantly reduced filopod formation as compared with GFP
alone, and PLC�-PH-GFP showed no inhibitory effect on this
parameter. However, analysis of the intracellular speeds of
Listeria revealed an �50% reduction in both Akt-PH-GFP and

PLC�-PH-GFP transfected cells as compared with control or
GFP transfected cells (Fig. 6F).

Comparison of Wild-type to L. monocytogenes ActA Mutants
Lacking the Phosphoinositide Binding Site—The surface pro-
tein ActA on wild-type Listeria contains a putative binding site
for D3 and D4 phosphoinositides. Therefore, we explored the
possibility that this binding site was responsible for the localization
of the two GFP-PH domains to the bacterial surface and to actin
tails of intracellular motile Listeria. Two Listeria mutants contain-
ing an ActA surface protein in which the phosphoinositide binding
site had been deleted, Listeria ActA-�171–235 called DP-L3982 (12)
and Listeria ActA-�158–231 called bacteria 1368 (10), were tested.
As shown in Fig. 7A, the DP-L3982 mutant strain was able to
concentrate Akt-PH-GFP on its surface and in the actin tails, and
the pattern and extent of localization was indistinguishable from
that of wild-type bacteria (compare A and B of Fig. 7). Identical
results were observed with Listeria mutant strain 1398 (data not
shown). Similarly to wild-type Listeria, treatment with LY294002
(final concentration 50 �M) dissociated the probe from the mutant
DP-L3982 (data not shown) and slowed intracellular actin-based
motility (Fig. 7C). Both mutant bacteria were also able to attract
PLC�-PH-GFP and concentrate this probe in the identical regions
observed for Akt-PH-GFP (Fig. 7D).

Localization of GFP-Akt-PH following Latrunculin Treat-
ment—To determine whether the localization of the PH do-
mains was a consequence of actin polymerization, the effects of
treating cells with the actin monomer sequestering agent la-
trunculin on Akt-PH-GFP localization were examined. As
shown in Fig. 8, a concentration of latrunculin that depolymer-
ized all phase-dense Listeria actin tails had minimal effects on
localization of the probe around the bacterium. However la-
trunculin treatment did alter the morphology of the probe in
the region of the actin filament tail. The Akt-PH-GFP localiza-
tion to the tail region became irregular (Fig. 8, arrow, 10 min
after initiation of latrunculin treatment), and eventually the
tail collapsed (Fig. 8, arrow, 20-min image).

DISCUSSION

There has been great interest in the localization of phospho-
inositides during cell motility, and extensive evidence docu-
ments that the D3 and D4 phosphoinositides concentrate in
areas where new actin structures are forming. However the
exact functional roles of these phosphoinositides during actin-
based motility remains to be determined. During phagocytosis,

FIG. 7. Effects of deleting the putative phosphoinositide binding site on Listeria ActA on its ability to attract Akt-PH-GFP and
PLC�-PH-GFP and respond to PI 3-kinase inhibitors. A, localization of Akt-PH-GFP to the bacterial surface and actin tails of Listeria
DP-L3982 (ActA-�171–235) in PtK2 cells 4 h after the initiation of infection. Arrows point to the junction between the bacteria and actin tail in all
three fluorescence images (A, B, and D), and arrowheads point to bacteria that have localized the probe to their front. B, localization of Akt-PH-GFP
to the surface of wild-type Listeria 10403S strain 4 h after infection. No significant difference in the localization of either Akt-PH-GFP or
PLC�-PH-GFP was detected comparing wild type to the ActA mutant bacteria. Bar � 10 �m. C, inhibitory effect of LY294002 on the mean velocity
of Listeria DP3982 (ActA-�171–235) in PtK2 cells. Error bars represent the S.E. of n � 80–350 measurements. The reduction in velocity was highly
significant, p � 0.0001. D, localization of PLC�-PH-GFP to the bacterial surface and actin tails of Listeria DP-L3982 (ActA-�171–235) in PtK2 cells
4 h after initiation of infection. Asterisk marks a filopod.
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PtdIns(4,5)P2 accumulates in the early extending pseudopods
and then quickly disappears whereas PtdIns(3,4,5)P3 concen-
trates at the base of the phagocytic cup (18). These observa-
tions are consistent with PtdIns(4,5)P2 serving as the substrate
for the production of PtdIns(3,4,5)3 in response to a phagocytic
stimulus. PtdIns(4,5)P2 also serves as a substrate for the PLC-
mediated production of diacylglycerol which stimulates protein
kinase C (19) and inositol 1,4,5-triphosphate, which releases
intracellular stores of Ca2� (20). In addition to serving as a
substrate, PtdIns(4,5)P2 could directly affect the function of
other proteins within the cell, and the functions of a number of
proteins related to actin polymerization have been linked to
phosphoinositides, including the uncapping of actin filaments,

sequestration of profilin, and the stimulation of Arp2/3 nucle-
ation of actin assembly via N-WASP or WASP (2). However, the
role of PtdIns(3,4,5)P3 in actin-based motility is less well un-
derstood. It has been clearly linked to actin polymerization
during chemotaxis (21), and it may recruit myosin X to the site
of phagocytosis (22). The effects of the inositides are probably
also mediated through activation of small GTP-binding pro-
teins of the Rho family via recruitment of guanine nucleotide
exchange factors (23).

Unlike phagocytosis and chemotaxis, which result in stimu-
lation of the Rho family GTPases Rac and Cdc42 (21), intracel-
lular Listeria bypasses these signal transduction pathways. Its
ActA protein directly stimulates Arp2/3 to nucleate actin assembly
and is not believed to require activation of small GTP-binding
proteins (24). Recent work in our laboratory also indicates that
changes in intracellular calcium do not affect the speed of intracel-
lular Listeria (25). Therefore, many of the classically proposed func-
tions of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 do not apply to Listeria.

In the simple reconstituted system consisting of Arp2/3 com-
plex, ADF/cofilin, CapZ, and actin, phosphoinositides are not
required for Listeria actin-based motility (26). However, the
purified system is far more permissive and only supports ve-
locities that are approximately one-tenth of those observed in
the intact cell. Although this simplified system has proved very
helpful in clarifying the minimal components required to ini-
tiate actin-based motility, such extracts do not fully recapitu-
late the events taking place in the cell. The viscosity of the
cytoplasm, as well as the compartmentalization of many com-
ponents, provide a far more challenging environment for the
initiation and maintenance of actin-based motility. Also, the dis-
covery of a putative phosphoinositide binding site on the Listeria
surface protein ActA encouraged us to explore the possibility that
Listeria might utilize these lipid products to stimulate actin fila-
ment assembly in the intact cell. First, as noted in macrophages
during ingestion of IgG opsonized particles (16, 18), both
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 accumulated in the region where
Listeria was being phagocytosed (Fig. 1). However, these lipids
remained associated with the engulfed bacteria only for a short
period of time (1–5 min), being followed by a period of 3–4 h during
which the presence of phosphoinositides at the bacterial surface
was not readily detected. When the bacteria began to move and
form actin filament tails, both PtdIns(4,5)P2 and PtdIns(3,4,5)P3

started to accumulate around the bacteria. We originally predicted
that the phosphoinositides would be attracted to the back of the
moving Listeria to uncap actin filaments in the polymerization zone
and thereby stimulate polar actin filament assembly. However, we
were surprised to find that both PLC�-PH-GFP and Akt-PH-GFP
first localize to the front of motile bacteria at regions of the bacterial
surface that do not induce the formation of actin filaments (Fig. 2
and Fig. 2 video supplement). The PH domain probes subsequently
concentrate along the side of the bacteria and in the actin filament
tails. Furthermore, depolymerization of the actin tails by addition
of latrunculin did not dissociate these probes from the surface of the
bacteria, only from the actin filament tails (Fig. 8). These findings
suggest that PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are likely to serve
multiple roles in addition to modifying the functions of actin-bind-
ing proteins in the polymerization zone.

PLC�-PH-GFP and Akt-PH-GFP were concentrated around
10–60% of motile bacteria. Bacteria with the highest likelihood
of concentrating the two PH-GFP probes were located near the
peripheral membrane and produced phase-dense tails (caused
by light refraction by actin filaments). This observation sug-
gests that the bacteria might attract phosphoinositides from
the inner leaflet of the plasma membrane. It is also possible
that higher concentrations of phosphoinositides are required to
move through this region of the cell where high concentrations

FIG. 8. The effect of latrunculin treatment on Akt-PH-GFP
localization in PtK2 cells infected with Listeria for 4 h. Pictures
were taken before and 10 and 20 min after the addition of 2 �M

latrunculin (represented by the numbers in the upper right). The arrow
points to the junction between the bacterium and phase-dense tail
determined by simultaneous phase microscopy. Note that the move-
ment of the bacteria is inhibited by latrunculin, and the localization of
the Akt-PH-GFP to the actin tail, but not to the body of the bacteria, is
inhibited. Bar � 10 �m.

Listeria Actin-based Motility Requires PI 3-Kinase 11385



of filamentous actin are commonly found. We frequently ob-
served that within 1–2 min after becoming surrounded by the
PH-GFP probes, the bacterium moved out of the cell forming a
filopod. This observation may suggest that recruitment of
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 is required for efficient pro-
duction of filopodia, and the production of these structures is
required for efficient spread of Listeria from cell to cell.

How does Listeria attract PtdIns(4,5)P2 and stimulate pro-
duction of PtdIns(3,4,5)P3? The finding of a phosphoinositide
binding site at amino acids 184–202 on ActA suggested that
this binding site could account for the ability of the bacterium
to attract these phosphoinositides (9). It was proposed that the
binding of PtdIns(4,5)P2 by ActA might serve to deliver this
phosphoinositide to the actin polymerization zone of Listeria
and uncap actin filaments. However, in vitro experiments sub-
sequently demonstrated that sequestration of PtdIns(4,5)P2 by
ActA actually inhibited the ability of the phosphoinositide to
uncap actin filaments (10). Furthermore, deletion of the inosi-
tide binding site was reported only to minimally affect intra-
cellular actin-based motility and not to alter the ability of
Listeria to spread from cell to cell (10, 12). Consistent with
these findings, we found that the loss of the putative inositide
binding domain of ActA did not affect localization of
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 to the surface of intracellu-
lar Listeria and their actin tails (Fig. 7). The ActA-�171–235 and
wild-type bacteria also demonstrated comparable sensitivities
to the PI 3-kinase inhibitor LY294002, further supporting this
conclusion and suggesting that either another region of ActA or
another bacterial surface protein may be responsible for con-
centrating these phosphoinositides.

The finding that the PI 3-kinase inhibitor LY294002 causes
near complete inhibition of Listeria actin-based motility indi-
cates that PtdIns(3,4,5)P3 plays a critical role in Listeria actin-
based motility within the cell. Addition of this inhibitor results
in rapid dissociation of Akt-PH-GFP from the bacterial surface
and in motile bacteria results in a slowing of bacterial intra-
cellular speed. Reduction of available PtdIns(4,5)P2 or
PtdIns(3,4,5)P3 also results in the slowing of bacterial speed,
and the data together suggest that PtdIns(4,5)P2 is recruited
and converted to PtdIns(3,4,5)P3 on the bacterial surface (Figs.
5 and 6). Maximum inhibition of LY294002 is achieved when
the inhibitor is added 1–2 h after the initiation of infection, at
the time when Listeria is growing in the cytoplasm and is
inducing actin filaments that fully surround the bacterium.

Our observation that Shigella actin-based motility is not
impaired by LY294002, combined with our finding that Shi-
gella does not attract Akt-PH-GFP to its surface, indicates that
PtdIns(3,4,5)P3 is not required for all forms of intracellular
bacterial actin-based motility. Shigella, unlike Listeria, re-
quires N-WASP to activate the Arp2/3 complex and uses the
surface protein IcsA, a protein that is structurally unrelated to
ActA. The profound inhibition of Listeria-induced actin assem-
bly caused by the blockade of PI 3-kinase activity indicates that
continued production of PtdIns(3,4,5)P3 is required for ActA (or
another protein or proteins) to function in the host cell cyto-
plasm and raises the possibility that PtdIns(3,4,5)P3 may be
required for a post-translational modification of ActA or a part-
ner protein responsible for the induction of actin filament for-
mation. PtdIns(3,4,5)P3 may target a kinase or other modifying

enzyme to the bacterial surface to accomplish this task. It is
also possible that this phosphoinositide directly modifies the
activity of one or more actin-regulatory proteins to initiate
actin filament formation. We are presently exploring these
possibilities.

In conclusion, the present data support a critical role for PI
3-kinase activity in Listeria actin-based motility and for the
first time demonstrate that Listeria is capable of concentrating
both PtdIns(4,5)P2 and PtdIns(3,4,5)P3 on its surface in vivo.
Binding of these phospholipids does not require the putative ActA
lipid binding site. Our findings suggest that PtdIns(3,4,5)P3 and its
precursor PtdIns(4,5)P2 are critical mediators of Listeria intracel-
lular actin-based motility. Furthermore our results are most con-
sistent with PtdIns(3,4,5)P3 serving as a regulator of ActA activity
in the intact cell. The simplicity of the Listeria model system has
provided an excellent vehicle for clarifying the functional role of
phosphoinositides in actin filament assembly, and this model sys-
tem promises to allow further dissection of this important signal
transduction pathway.
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